The Bcl6 proto-oncogene, which encodes a transcriptional repressor, is ubiquitously expressed and predominantly in germinal center (GC) B cells. Although the promoter region of the human Bcl6 gene has been reported, enhancer molecules for its high expression in GC B cells were largely unknown. Here we show that transcriptional start sites of the murine Bcl6 gene were different from the reported human one. DNA sequence around the new promoter region is highly conserved between mice and humans and has no canonical TATA or CCAAT box. Two AP-1-binding elements in the promoter region were the major enhancer elements in GC-derived B lymphoma cells, and JunD/AP-1 was detected in GC B cells. In addition, we identified the silencer region with three Bcl6-binding elements around the start site. Bcl6 bound to the silencer elements and its over-expression repressed the promoter activity through the elements. Activated STAT factors (STATs), especially activated STAT3, also bound to the silencer elements in GC B cells and competed with Bcl6 for the binding, suggesting that JunD/AP-1 and activated STATs drive high Bcl6 expression in GC B cells. Since stimulation of splenic B cells with IL-4 or IL-21 induced high Bcl6 expression with induction of junD and activation of STATs, these cytokines may be inducers for its high expression in GC B cells. However, IL-21 but not IL-4 stimulation activated STAT3 in splenic B cells. Thus, IL-21 may be a major inducer for high Bcl6 expression in GC B cells.
Introduction
Chromosomal translocations involving a band 3q27 are often present in diffuse large cell lymphomas (1) . The Bcl6 gene has been identified from these translocation break points. The Bcl6 gene encodes a 92-to 98-kDa nuclear phosphoprotein that contains the BTB/POZ domain in the NH2-terminal region and Krü ppel-type zinc finger motifs in the COOH-terminal region (2) (3) (4) (5) . Since the NH2-terminal half of the protein contains repressor domains in vitro (6), Bcl6 can function as a sequencespecific transcriptional repressor. Indeed, the BTB/POZ domain of Bcl6 can bind to silencing mediator of retinoid and thyroid receptors and recruit the histone deacetylase complex to silencer regions of target genes to repress expression of these genes (7) . The Bcl6 gene is ubiquitously expressed in human and mouse tissues, and is predominant in germinal center (GC) B cells of human tonsils (8, 9) and mouse lymphoid organs (5) . The expression in mouse tissues has been extensively studied. Bcl6 expression is continuously upregulated in keratinocytes at their terminal stages (10) , and was transiently up-regulated in thymocytes and spleen cells as an immediate early gene when these cells were stimulated with phorbol myristate acetate plus ionomycin (5) .
To observe the physiological functions of Bcl6, its gene was disrupted in the mouse germ line (11) (12) (13) . Bcl6-deficient mice displayed T h 2-type inflammatory responses in multiple organs, especially in heart and lungs, characterized by infiltration of eosinophils (14) . We recently reported that the IL-5 gene (15) and the IL-18 gene (16) are molecular targets of Bcl6. Although all hematopoietic lineages, including mature lymphocytes, can develop in Bcl6-deficient mice, GC formation is impaired after immunization (13) . GC is a complex cellular microenvironment that directs generation of highaffinity memory B cells (17) . Thus, Bcl6 is an important molecule for maintaining physiological immune responses. Furthermore, the chromosomal translocations in diffuse large cell lymphomas cause ectopic expression of the Bcl6 gene as a result of the juxtaposition of the Bcl6-coding region to heterologous promoters, and its de-regulation may be responsible for lymphomagenesis (18) . Its over-expression, however, induced apoptosis not only in B lineage cells but also in CV-1, HeLa, mouse L and NIH3T3 cells (19, 20) . Therefore, Bcl6 expression has to be strictly regulated especially in B lymphocytes.
The promoter region of the human Bcl6 (hBcl6) gene has been reported (21) . Transcriptional start sites of the hBcl6 gene were identified using mRNA from a human Burkitt's lymphoma cell line, Raji. Nucleotide sequence of the 1.5-kb promoter region contains a TATA box but no CCAAT box and a number of potential regulatory elements including CACCC sequence, E-box, Bcl6-binding sequence and GATA-1-binding sequence. The first 657 nucleotides of the promoter region significantly drove transcription of the reporter gene in Raji cells, and the 657-bp region contains a CACCC sequence, two E-boxes. Furthermore, consensus Bcl6-binding sequences were found in the first exon of hBcl6 gene (22) (23) (24) , suggesting that Bcl6 expression is negatively regulated by Bcl6 itself. Therefore, there is likely to be mechanisms which inhibit the auto-negative regulation by Bcl6 for its high expression in GC B cells. However, these mechanisms are largely unknown.
Expression profiles of this gene are well conserved between humans and mice (5, 8, 9) . However, DNA sequence of the hBcl6 promoter region identified in Raji cells differs from that of homologous region of the murine Bcl6 (mBcl6) gene. Furthermore, the mBcl6 database (Celera, Gene ID: 12053) indicated that a putative transcriptional start site of the mBcl6 gene is further downstream of the reported human one, and genomic DNA sequence of the new murine promoter region is quite similar to that of the homologous region of the hBcl6 gene. Here we show that major transcriptional start sites of the Bcl6 gene in GC B cells and several cell lines including a GCderived human B lymphoma line, Ramos, were the further downstream of the reported human one as the mBcl6 database pointed. The promoter analysis demonstrated that JunD/ AP-1 is the major transcriptional enhancer for Bcl6 expression in human and mouse B lymphoma cell lines. Furthermore, three Bcl6-binding elements were identified in the new promoter region. The exogenous Bcl6 bound to the regions and repressed the promoter activity. Activated STAT factors (STATs) also bound to the silencer regions and competed with Bcl6 for binding to the regions in splenic B cells activated with IFN-a or LPS. Since STAT3 is the major activated STATs in GC B cells, JunD/AP-1 and STAT3 are important transcriptional factors for high Bcl6 expression in GC B cells. We discuss cytokine signals which induce JunD/AP-1 and activated STAT3 in GC B cells.
Methods

Purification of splenic B and GC B cells
C57BL/6 mice (6-12 weeks), purchased from Japan SLC Co. Ltd (Hamamatsu, Japan), were immunized intra-peritoneally with 50 lg of alum-precipitated (4-hydroxy-3-nitrophenyl) acetyl-chicken c globulin (NP 25 -CG) (Biosearch Technologies, Novato, CA, USA). GC B cells were isolated from the spleen of these mice 14 days after immunization. Spleen cells were stained with allophycocyanin-anti-B220 mAb and FITCpeanut agglutinin (PNA, Vector, Burlingame, CA, USA) and GC (B220 + PNA + ) B cells were sorted by a FACSVantage (Becton Dickinson, San Jose, CA, USA). Purity of FACS-sorted GC B cells exceeded 98%.
Cell culture
Splenic B cells were cultured with LPS (3 lg ml ÿ1 ; Sigma), IL-2 (50 U ml ÿ1 ; PeproTech), IL-4 (1000 U ml ÿ1 ) (25), IL-6 (1000 U ml ÿ1 ; PeproTech), IL-7 (50 U ml ÿ1 ; PeproTech) or IL-21 (30 ng ml ÿ1 ; R&D Systems, Inc.) in RPMI1640 supplemented with 10% FCS, penicillin G (100 U ml ÿ1 ) and streptomycin (100 lg ml ÿ1 ) at 37°C in 5% CO 2 . Ramos cells were cultured with human IFN-a (1 ng ml ÿ1 ; PeproTech) for 60 min at 37°C in 5% CO 2 .
Rapid amplification of 59 cDNA ends analysis
Total RNAs from splenic B and GC B cells were isolated to perform the rapid amplification of 59 cDNA ends (59 RACE) using the 59 RACE system for a RACE version 2.0 kit (Life Technologies). First-strand mBcl6 cDNA was synthesized with the primer m1 (59-TATGCGAAAAGCTAGATCC-39), and PCR was done using the primer m2 (59-CCTACAGTGGGAGA-GACGT-39) and the 59 RACE Abridged Anchor Primer followed by nested PCR using the primer m3 (59-CGAAGATACACA-TAGGAAACTTGGAGC-39) and the Abridge Universal Amplification Primer. In the case of hBcl6, total RNAs from Ramos (human Burkitt's lymphoma cell line) and Raji cells (human Burkitt's lymphoma cell line ) were used as were the following primers: primer h1 (59-CAAAACAACACAAGGGAGG-39), primer h2 (59-GCAAAAGCCTCCCCAAACC-39) and nested primer h3 (59-CGACCTATGGTGGGAGAGACGT-39).
Reporter constructs for the mBcl6 promoter region All genomic DNA fragments were inserted into cloning sites of a pGL3-Basic vector carrying the SV40 enhancer and the firefly Luciferase reporter gene (Promega). The ÿ5200/ +5 (BglII/BglII) fragment with an artificial BglII site at +5 was generated by PCR method, using BALB/c genomic DNA as a template. The DNA fragments with deletion at ÿ4200 bp (KpnI), ÿ1300 bp (NheI), ÿ472 bp (XhoI), ÿ367 bp (EcoRI), ÿ227 bp (SmaI), ÿ125 bp (BssHI) or ÿ53 bp (SacI) were inserted into pGL3-Basic vectors. The 39 end of the ÿ472-bp inserted vector (pBcl6 Luc-472) was extended to the position at +114 to generate pBcl6 Luc-472/+114. The mBcl6 expression vector (pcDNA3-Bcl6) was constructed, as described (19) .
Mutant Luciferase constructs
Mutant Luciferase constructs were generated by PCR using oligonucleotide primers carrying point mutations (QuikChangeXL site-directed mutagenesis kit, Stratagene). The primers used were mutAP-1(1) (59-CACGGAGCCCA CGAAAAGG CGGCGGAG-39), mutAP-1(2) (59-CGAAGACGCCGACTTTTC GGAGCCC ACGTG-39), mutNF-jB (59-GGCGGCGGAGCTAA TGGTTCCATCGGTGGC-39), mutSp1(1) (59-CCACGTGACGG CTATTGAGCGGGCGGTTCC-39), mutSp1(2) (59-CGCCGGA GCGTATTGTTCCATCGGTGGCCC-39), mutSTAT(1) (59-GAG CTCTGTTGATTCGGTTAACTGGGGTTC-39), mutSTAT(2) (59-GAACTGGGGTTCGGTTAAGTGGTGATGC-39) and mutBcl6 (59-GCAAGAAGTTTCGGTTAAAGGCCGGACACC-39).
Transient transfection and Luciferase assay
Transfection of genes was conducted by electroporation using the Bio-Rad Gene PulserII (Bio-Rad, Hercules, CA, USA). Cells (1 3 10 7 ) were incubated with DNA (total 20 lg) for 10 min on ice and then electroporated at 960 microfarads with 220 mV for Ramos, Raji and K562 cells (human chronic myelogenous leukemia cell line) or with 260 mV for M12.4.1 (mouse B lymphoma cell line), Jurkat and NIH3T3 cells (Mouse fibroblast cell line). For experiments with trichostatin A (TSA; Biomol), 100 nM TSA was added in the culture immediately after electroporation.
EMSA
Nuclear extracts were prepared from either cell lines or splenic B cells as described (26) . The probe was labeled with digoxigenin (Roche Molecular Biochemicals) using digoxigenin oligonucleotide 39-end labeling kits (Roche Molecular Biochemicals). EMSA was performed as described (15) . The following oligonucleotide sequences were used for DNA probes or competitor fragments: Wt AP-1 (59-ACGCCGACGT-CACGGAGCCCACGTGACGGCGGCGG-39), mutAP-1 (59-AC GCCGACTTTTCGGAGCCCACGAAAAGGCGGCGG-39), Wt STAT (59-TCTGTTGATTCTTAGAACTGGGGTTCTTAGAAGTG-39) and mutSTAT (59-TCTGTTGATTCGGTTAACTGGGGTTC GGTTAGGTG-39). For antibody supershift experiments, 1-2 lg of the indicated specific antibodies was added to the binding reaction mixture. Antibodies against c-Fos, FosB, c-Jun, JunB, JunD and IgG were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Measurement of Bcl6 mRNA in activated B cells by northern blot
Northern blot analysis was performed using standard methods with full-length Bcl6 (5), murine c-fos family genes (c-fos, c-jun, junB, junD, fosB) (27) or b-actin cDNA as a probe.
Western blot analysis
STATs were detected in Ramos and activated B cells using western blot (10) . Blots were incubated with rabbit antibodies to phosphorylated (p-)STAT3, p-STAT5, p-STAT6 (Cell Signaling), STAT3, STAT5, STAT6 or actin (Santa Cruz) followed by HRP-conjugated donkey anti-rabbit Igs (Amersham International).
Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) assays were performed using the ChIP assay kit (UpState Biotechnology) and were then conducted according to the manufacturer's recommendations. The following primers were used in the ChIP assays: 59-GAACCACGATCCGCACTATA-39 and 59-CAC ATAGGAAACTTGGAGCC-39 for the STAT/Bcl6-binding sites and 59-AGGAAGAATTAGCCCCAGAC-39 and 59-TATAGTGC GGATCGTGGTTC-39 for the AP-1-binding sites.
Immunohistochemistry
Tissues were fixed in 10% phosphate-buffered formalin and embedded in paraffin using standard immunohistochemical techniques. Briefly, tissue slides (5 lm thick) were incubated with the primary antibody overnight at 4°C. Anti-p-STAT3, antip-STAT5 and anti-p-STAT6 (Cell Signaling) were used at 1:100 dilutions. Antibody binding was detected using a peroxidaseconjugated anti-rabbit IgG and a DAB kit (Nichirei).
Results
Identification of transcriptional start sites and promoter region of the mBcl6 gene
To determine the transcriptional start sites of the mBcl6 gene, we did the 59 RACE analysis with mRNA isolated from FACSisolated GC B cells or LPS-activated B cells. Since a putative transcriptional start site (+1) in the mBcl6 database is~500 bp downstream of that of the hBcl6 gene found in Raji cells (21) , we planned to make PCR primers specific for the DNA sequences around +280 to +300 bp. We identified major transcriptional start sites of the mBcl6 gene in GC B cells and LPS-activated B cells at +95 and +64, respectively ( Fig. 1 and data not shown). An obvious canonical TATA or CCAAT box was not found around these transcriptional start sites. In addition, DNA sequences around the start sites are conserved between mice and humans. We also examined transcriptional start sites of the hBcl6 gene in GC-derived B lymphoma (Ramos) cells, and the major start site was at +38 in the homologous region of the hBcl6 gene.
Although the major transcriptional start site of the mBcl6 gene in GC B cells was +95, there is no known enhancer element but a Bcl6-binding sequence (+6 to +16) between +1 and +95. The Bcl6-binding sequence is conserved in the hBcl6 gene and used as the silencer region in the first exon of hBcl6 gene (22) . To identify the promoter region, we made reporter constructs containing DNA fragments between ÿ4200 and +5 bp, in which the Bcl6-binding sequence was excluded. Transcriptional activity of reporter constructs was analyzed in M12.4.1, Ramos and Raji cells. As shown in Fig. 2(A) , the deletion from ÿ4200 (pBcl6 Luc-4200) to ÿ472 bp (pBcl6 Luc-472) did not change the promoter activity in these cell lines. However, further truncation of the promoter region to ÿ227 bp (pBcl6 Luc-227) reduced the activity to <10% of the full length. These data suggest that the region between ÿ472 and ÿ227 bp has major promoter activity in GC B cells.
Involvement of JunD/AP-1 in promoter activity of the mBcl6 gene in GC B cells
The promoter region between ÿ472 and ÿ227 bp contains a number of consensus DNA-binding sequences for several transcriptional factors detected by a MatInspector TRANS-FAC TM (GBF-AGBIN, Braunschweig, Germany) database (28) . The promoter activity of pBcl6 Luc-472 with deletion or mutations was examined in Ramos cells. The deletion between ÿ367 and ÿ227 bp reduced the activity to~10% of the pBcl6 (Fig. 2B) . The region between ÿ367 and ÿ227 bp contains two AP-1 sites, an NF-jB site and two Sp1 sites, and we introduced the point mutations into these binding sequences of pBcl6 Luc-472. While a point mutation in the Sp1 sites or the NF-jB site did not modify the activity, a point mutation in either of the AP-1 sites resulted in about a 50% reduction in the promoter activity (Fig. 2C) . Mutations of both AP-1 sites reduced the promoter activity to 25% of the original, suggesting that these AP-1 sites are important for the full activation of the mBcl6 promoter in GC B cells.
We examined the members of the AP-1 family bound to the AP-1-binding sites in Ramos cells and GC B cells using ChIP assays. As shown in Fig. 3(A) , the DNA region containing the AP-1 sites was detected in the immune complexes precipitated with anti-c-Fos, anti-c-Jun or anti-JunD, but not in those with anti-JunB or anti-FosB. Since the amount of DNA in the complex precipitated with anti-JunD antibody was the largest among these complexes, the binding of JunD/AP-1 to the DNA region in FACS-isolated GC B cells was examined using ChIP assays. The DNA region was clearly detected in the complexes precipitated with anti-JunD antibody.
Next, we confirmed that JunD/AP-1 was the major AP-1 bound to the AP-1 sites in Ramos cells by EMSA with anti-JunD antibody. We detected a retarded band composed of the probe and protein (Fig. 3B) . The probe and protein complexes were not detected by the addition of the wild-type cold probe, but were still detected in the presence of the cold probe with the mutated AP-1 sites. In order to confirm the members of AP-1 family in the complexes, we did antibody supershift assays. Although the supershifted band was not detected by the addition of anti-c-Jun, anti-c-Fos, anti-JunB or anti-FosB to nuclear extracts from Ramos cells, the addition of anti-JunD antibody clearly demonstrated the supershifted band (lane 8). These results suggest that JunD/AP-1 is a major enhancer molecule to drive high Bcl6 expression in GC B cells.
A negative feedback regulation of Bcl6 expression
Promoter activity of pBcl6 Luc-4200 was further analyzed in non-B lymphoid cell lines (NIH3T3, Jurkat and K562 cells). Deletion of the DNA fragment between ÿ472 and ÿ227 bp resulted in almost 20% of the full-length promoter activity in NIH3T3 and Jurkat cells (Fig. 4A) . Surprisingly, the promoter activity in K562 cells was significantly stronger than that in NIH3T3 and Jurkat cells, and the promoter activity is located in the region between ÿ125 and ÿ53 bp, which contains an NF-jB site (Fig. 4B) . Since K562 cells do not express the endogenous hBcl6 gene (8), the strong promoter activity in K562 cells may be due to the lack of repression by Bcl6 protein which may operate in Ramos cells. The consensus Bcl6-binding sequence contains the STAT-binding sequence (11), and we found two STAT-binding sequences between ÿ39 and ÿ22 bp in the promoter region. We introduced mutations in these two STAT-binding sequences of pBcl6 Luc-472 (mutSTAT), and transiently transfected them into Ramos or K562 cells. The promoter activity of pBcl6 Luc-472 (mutSTAT) increased 3-fold of the original one in Ramos cells but was slightly lower in K562 cells (Fig. 4C) . These results suggest that the STAT-binding sequences in the promoter region play a role as silencer elements for Bcl6 expression in GC B cells. Furthermore, mutations in both AP-1 sites in pBcl6 Luc-472 (mutSTAT) reduced the promoter activity to 20% of the original in Ramos cells, suggesting again that AP-1 is a critical factor for Bcl6 expression in GC B cells. A major transcriptional start site of the mBcl6 gene in GC B cells is +95, and the region between +1 and +95 contains the Bcl6-binding sequence (+6 to +16) as a silencer element in the hBcl6 gene (22) . Thus, we extended the 39 end of pBcl6 Luc-472/+5 to +114 (pBcl6 Luc-472/+114) and introduced the mutation in the Bcl6-binding sequence of pBcl6 Luc-472/ +114. These constructs were transfected into Ramos cells. The promoter activity of the pBcl6 Luc-472/+114 (mutBcl6) was~5-fold stronger than that of the original pBcl6 Luc-472/ +114 (Fig. 4D) . Although mutations in two STAT-binding sequences increased their promoter activity 15-fold over the original one, mutations in both the STAT-binding sequences and the Bcl6-binding sequence increased~50-fold of the pBcl6 Luc-472/+114 activity. When these constructs were transfected into K562 cells, the promoter activity was within 3-fold of the original one. Although it remains unclear how the mutations slightly increased the reporter activity in K562 cells, we confirmed Bcl6 binding to the tandem STAT-binding sites (ÿ39 and ÿ22) and to the Bcl6-binding sequence (+6) using EMSA (data not shown). These results suggested that Bcl6 binds to the STAT/Bcl6-binding sequences and reduces Bcl6 expression in GC B cells.
We confirmed the potential of exogenous Bcl6 to repress the promoter activity by co-transfection of pBcl6 Luc-472 and (Fig. 5A ). Since the repressor activity of Bcl6 can be inhibited by the histone deacetylase inhibitor, TSA, we transfected the optimal dose of pcDNA3-Bcl6 (20 lg) and pBcl6 Luc-472 in Ramos cells in the presence of TSA. Over-expression of Bcl6 reduced the promoter activity, and Bcl6-dependent repression was abolished in the presence of 100 nM of TSA (Fig. 5B) . The Bcl6-dependent recruitment of a histone deacetylase complex seemed to be mediated by the STAT-binding sites in the promoter region since co-transfection of pcDNA3-Bcl6 and pBcl6 Luc-472 (mutSTAT) with or without TSA resulted in the similar basal promoter activity.
Competition of activated STATs with Bcl6 to bind to the STAT/Bcl6-binding sites in GC B cells
Activated STATs may bind to the STAT/Bcl6-binding sites and inhibit the Bcl6-dependent repression in GC B cells. To prove the possibility, we examined the activation status of STATs in GC cells. Since STAT3 is the major activated STATs in human GC cells by immunohistochemical analysis (29), we repeated the analysis on spleen sections from immunized mice. STAT3 activation was significantly apparent and there were numerous p-STAT3 + cells within and outside the GC (Fig. 6A) . However, p-STAT5 and p-STAT6 were present in only a few nuclei of scattered lymphocytes outside of the GC, indicating that STAT3 is also activated in murine GC cells. We confirmed the binding of STAT3 to the negative regulatory elements in GC B cells by ChIP assays. PCR for ChIP assays detected the DNA sequence between ÿ195 and +188 that included three STAT/Bcl6-binding sites. Indeed, STAT3 bound to the STAT/ Bcl6-binding sites (Fig. 6B) . Although p-STAT5 and p-STAT6 were not clearly detected in GC cells by immunohistochemical analysis, STAT5 and STAT6 also bound to the STAT/ Bcl6-binding sites in GC B cells.
Next, we examined the competitive binding of activated STATs and Bcl6 to the STAT/Bcl6-binding sites. Since STAT3 is activated in Ramos cells stimulated with IFN-a (30), amounts of STATs and Bcl6 bound to the DNA region in Ramos cells stimulated with IFN-a were analyzed using ChIP assays. First, we analyzed phosphorylation of STATs in Ramos cells after the stimulation by western blots. STAT3, STAT5 and STAT6 were clearly phosphorylated in Ramos cells 20 min after stimulation (Fig. 7A) . Then, amounts of the DNA-binding STATs and Bcl6 were analyzed 20 min after stimulation. The amounts of STAT3 and STAT5 but not that of STAT6 bound to the DNA region increased after stimulation (Fig. 7B) . On the contrary, the amount of Bcl6 bound to the region decreased to one-third after stimulation. B cells stimulated with these cytokines using northern blots. Bcl6 expression was strongly induced in splenic B cells stimulated with IL-4 or IL-21 but not with IL-6 (Fig. 8A) . However, co-stimulation of B cells with IL-4 and IL-21 did not augment Bcl6 expression (data not shown). Although IL-2 and IL-7 mediate the biological effects through the common cytokine receptor gamma chain, which is shared with receptors for IL-4 and IL-21 (34), these cytokine stimulations did not induce high Bcl6 expression in splenic B cells. Kinetic analysis demonstrated that Bcl6 expression was transiently induced in B cells stimulated with IL-4 or IL-21 30 min after stimulation (Fig. 8B) . The expression was further induced in these activated B cells within 6 h after stimulation. IL-4 or IL-21 stimulation also induced expression of junD and fosB, but not that of c-fos, c-jun and junB in splenic B cells. We examined the activation of STATs in splenic B cells stimulated with IL-4 or IL-21 using western blots. IL-4 and IL-21 preferentially activated STAT6 and STAT3 within 20 min after stimulation, respectively (Fig.  8C) . STAT5 was also activated in B cells stimulated with IL-4 or IL-21. We confirmed the binding of STATs to the STAT/Bcl6-binding sites in splenic B cells stimulated with IL-4 or IL-21 using ChIP assays. STAT3 bound clearly to the STAT/Bcl6-binding sites after IL-21 stimulation while IL-4 induced modestly STAT6-binding to the sites (Fig. 8D) . These results suggest that IL-4 and IL-21, especially IL-21, are crucial cytokines for induction of JunD/AP-1 and activation of STATs to induce high Bcl6 expression in GC B cells.
Discussion
We identified the promoter region of the mBcl6 gene. We found no obvious canonical TATA or CCAAT box around the transcriptional start sites of the mBcl6 gene. The multiple transcription start sites are a common feature of the genes with a TATA-less promoter (35) . Transcriptional start sites of the genes lacking the TATA box may rely on the GC-rich region that is bound by transcriptional factors (36) , and the start sites of mBcl6 mRNA in GC B cells and LPS-activated B cells are also in the GC-rich region. These start sites are quite different (21) . The 59 RACE analysis of hBcl6 mRNA from Ramos cells revealed a different transcriptional start site from that in Raji cells. Bcl6 expression profiles in various tissues between mice and humans are quite similar, and DNA sequence of the new promoter region of the hBcl6 gene is also similar to that of the homologous region of the mBcl6 gene and does not contain an obvious canonical TATA or CCAAT box (TATA-less promoter). Binding elements for major transcriptional factors including AP-1, NF-AT, NF-jB and STATs in the mBcl6 promoter region are conserved in the new hBcl6 promoter region. Therefore, the ordinary promoter region of the hBcl6 gene may be similar to that of the mBcl6 gene.
Mutation or deletion of the AP-1-binding sites within the basal mBcl6 promoter mostly reduced the promoter activity in Ramos (Fig. 2) and M12.4.1 cells (data not shown), indicating that AP-1 is the major enhancer molecule for high Bcl6 (37) . The AP-1 family confers positive or negative transcriptional regulation depending on its components (38) , and composition of AP-1 molecule on AP-1-binding sites may depend on the differentiation state of the cell type or on its affinities to the AP-1 dimers (37). Although we did not examine the presence of Fra-1 and Fra-2, the fosB mRNA was induced in splenic B cells stimulated with IL-4 or IL-21 and c-Fos protein was detected in Ramos cells. Thus, JunD-FosB and/or JunD-c-Fos heterodimers may be the major enhancer molecule for high Bcl6 expression in GC B cells of mice and humans.
We have identified three silencer elements in the putative mBcl6 promoter region, and all contain the STAT-binding (GAS) motif. The silencer elements in the promoter (ÿ36 to ÿ28 and ÿ21 to ÿ13) seem to be STAT3/STAT5-binding elements. GAS motif is very similar to the consensus Bcl6-binding element (11) and Bcl6 binds to STAT6-binding sites from the CD23 promoter (11) and the germ line Ie promoter (39) . Indeed, Bcl6 also bound to the STAT-binding sites in the mBcl6 promoter. These sequences are conserved in the hBcl6 gene and play a role as a silencer element in human diffuse large B cell lymphomas (23, 24) . The other silencer region between +6 and +16 also contains the DNA sequence referring to the consensus Bcl6-binding site (40) and Bcl6 bound to the silencer element detected by EMSA (data not shown). Since major transcriptional start site of mBcl6 mRNA in GC B cells is +95, there are three Bcl6-binding elements within 50 bp of the Bcl6 promoter region. These results indicate the negative feedback regulation of Bcl6 on its own gene expression in GC B cells.
Three STAT/Bcl6-binding sites in the mBcl6 gene are also conserved in the hBcl6 gene. Although these silencer elements were reported to be in the first exon of hBcl6 gene (22) (23) (24) , the major transcriptional start site of the hBcl6 gene in Ramos cells is around +38 in the homologous region of mBcl6 gene, suggesting that three STAT/Bcl6-binding sites are in the promoter region of hBcl6 gene. Non-Hodgkin's lymphomas and Burkitt's lymphomas carry internal deletions (41) or point mutations (24, 42) within the hBcl6 gene. These alterations are mainly occurring at the promoter region including these silencer elements. The attribution of translocation in tumor cells, therefore, is likely to alter the regulation pattern of Bcl6 expression in part by deleting the silencer elements, and may be a crucial event in the development of B cell lymphomas.
JunD/AP-1 and p-STAT3 are critical molecules for high Bcl6 expression in GC B cells, and stimulation of naive B cells with IL-21 induced high Bcl6 expression with induction of JunD/AP-1 and activation of STAT3 which can bind to the STAT/Bcl6-binding sites. These results suggest that IL-21 is a major inducer for high Bcl6 expression in GC B cells. IL-21 is a recently described type I cytokine produced by T h 2 cells (33) . Recently, a new major subset of T h 2 cells that provide help to B cells was identified in lymphoid tissues through expression of the chemokine receptor CXCR5 (43, 44) . These T h 2 cells, termed T follicular helper cells, home to the B cell areas of secondary lymphoid tissue and produce large amounts of IL-21 (45) . These results strongly suggest that IL-21 derived from T follicular helper cells induces high Bcl6 expression in GC B cells.
High Bcl6 expression in B cells is essential for GC formation (13) . However, GC formation was relatively normal in mice lacking IL-21R (34) 
